Cesium dihydrogen phosphate, CsH 2 PO 4 (CDP) was studied for water electrolysis at~225-400°C. In the presence of sufficient humidity, CDP is structurally disordered and super-protonic conducting with conductivities reaching 0.2-0.25 S cm , when determined in suitable H-shaped sealed conductivity cells. Freshly prepared 99.7 ± 0.3% gravimetric pure CDP with correct X-ray diffraction and DSC diagram melted at~345°C. The vapor pressures, above CDP alone and mixed with 20-50 mol% CsPO 3 or 13 mol% H 2 O, were determined in sealed ampoules up to 355°C by means of Raman spectroscopy based on internal reference gases. Pressures up to~49 bar were estimated, much higher than previously expected. Conductivities were given as polynomials and plotted in solid and liquid states. Water splitting electrolysis 2H 2 O → 2H 2 + O 2 was demonstrated by Raman at~355°C under a water pressure of 23 bar in a quartz cell with platinum electrodes, showing molten CDP to have significant potential for water electrolysis.
Introduction
Water electrolysis represents an attractive way to convert surplus electrical energy into chemical energy (hydrogen and oxygen) to balance the electric grid when an increasing fraction of the power input originates from fluctuating renewable sources such as solar and wind energy [1, 2] . Hydrogen can be converted chemically to other fuels such as synthesis gas, methane, and methanol for later use in intermediate temperature solid electrolyte fuel cells. Working at elevated temperatures has several advantages, among which the following can be mentioned: opportunity for storage of thermal excess energy, improved catalytic activity, possibility to replace noble metals with cheaper electro catalytic materials, more effective use of waste heat, and lower permeability through the electrolyte in comparison with current commercial polymerelectrolyte fuel cells (PEFCs) [3, 4] .
In all kinds of fuel cell and water electrolyzer systems, the electrolyte is one of the most important features directly influencing performance. The magnitude of the specific proton conductivity is a key parameter that influences the system in several ways, such as operating temperature, permitted range of chemical composition, allowed humidity, and associated water vapor pressure above the electrolyte.
We recently demonstrated that molten potassium dihydrogen phosphate (KH 2 PO 4 (KDP)) could be a promising protonconducting molten electrolyte for pressurized intermediate temperature water electrolysis and observed a high conductivity (0 .30 S cm −1 at 300°C) at pressures around 10 atm. [5, 6] .
However, KDP is just one member of a whole family of proton-conducting electrolytes, salts with properties intermediate between a normal salts and acids, see, e.g., [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
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Exceptional high conductivity (~2.2 × 10 −2 S cm −1 ) has been discovered for solid cesium dihydrogen phosphate (CsH 2 PO 4 (CDP)) at about 230°С, above its phase transition to a so-called superionic or Bsuper-proton^conducting state. The CDP crystal also undergoes a proton ordering ferro-to paraelectric phase transition at low temperature, at about − 119°С [17] [18] [19] [20] [21] [22] [23] that will not be considered here. The successful use of the CDP salt as a promising solid electrolyte was demonstrated in intermediate temperature fuel cells, sometimes with composite electrolyte membranes to stabilize the conductivity at temperatures up to~250°С [12, 21, . Thus, CDP seems to be one of the most widely studied solid acid electrolytes. However, when CsH 2 PO 4 is heated in air at atmospheric pressure, dehydration takes place (it starts to lose weight) at about the same temperatures [4, 13, [45] [46] [47] [48] . Under conditions of high humidity, the transformation is reversible and water can be picked up again, but under dry conditions, the dehydration of CDP (Eq. (1)) proceeds to form polymerization products (hydrogen pyrophosphates and polyphosphates) at temperatures above~200°С until complete decomposition to the metaphosphate CsPO 3 Since this dehydration reaction occurs in parallel with the transition to the superprotonic phase, the nature of CDP phases and the conduction mechanism has been much discussed over the last decades [4, 9, 12, 19, 21-23, 26, 27, 33, 35, 38, 44, 46-63] . The phase diagram in the CsH 2 PO 4 -CsPO 3 system was studied in, e.g., refs. [19, 46, 47, 55] . Stabilization of the superprotonic phase without any decomposition was demonstrated under appropriate humid conditions in, e.g., crystallographic and electrochemical studies [4, 26, 53] . It was found that CDP is stable in contact with Pt catalysts in oxidizing and reducing atmospheres up to at least 240°C [12, 27, 46] .
It was even proven that the CDP at high pressures (up 25 kbar) did not decompose prior to melting when heated up to~460°C [19, 22, 23, 61] . Various melting points for CDP have been reported in the literature under different experimental conditions (pressure, confinement, and water partial pressure), but the correct value is thought to be around 345-349°C at pressures near ambient values [19, 38, 55 ], see Fig. 1 .
The crystal structure of CsH 2 PO 4 (space group P2 1 /m) at ambient temperature and pressure has a unique hydrogen bond network [49, 64] . The lattice constants in this monoclinic paraelectric phase II are around a = 7.912 Å, b = 6.383 Å, c = 4.882 Å, and β = 107.73°, and each unit cell contains two formula units. The tetrahedral phosphate anions [PO 4 ] 3− are linked via two kinds of partly disordered one-dimensional O-H⋯O hydrogen bonds forming layers of [H 2 (PO 4 )-] ∞ with room for Cs + cations at sites in between these layers (according to, e.g., [17, 18, [21] [22] [23] [65] [66] [67] ).
By heating CsH 2 PO 4 above~228-231°C, the monoclinic structure (phase II) transforms to the cubic phase I that has been characterized as a CsCl-like structure in space group no. 221, Pm3m, with Z = 1 and a lattice constant of a =~4.96 Å, with one phosphate anion placed in the center of the cube and with Cs atoms at each corner (see Fig. 2 ). This Bsuperprotonic phase^exhibits its superconducting properties after a sudden increase in the conductivity by three orders of magnitude, from about 10 −5 to 2.2 10 −2 S cm −1 [4, 7-9, 12, 21, 22, 26, 46, 47, 49, 50, 61, 69, 70] . The role of the phase transformation is thought to be to set the disordered hydrogen bond network free to easily transport protons. The oxyanion can take one of six possible orientations within the cube, and therefore, the hydrogen bonds can be formed in six possible ways. In this state, the phosphate groups are linked together with hydrogen bonds of two different kinds: symmetric double minima and asymmetric single minimum bonds. The proton transfer is thought to happen rapidly via the hydrogen bonds and liberations or reorientation jumps of the [PO 4 ] anions influenced by phosphate group disorder [21, 26, 49, 53, 69] . Details of the mechanism for the high proton mobility are considered in several references involving many An important role must also be played by the water present in humidified surroundings or by the containments obstructing the decomposition that would otherwise happen. Thus in many of the references, decomposition or dehydration of the CPD was considered and it was often noted that polymerization products were formed at higher temperature making the conductivity decrease as time elapsed [4, 22] .
The decomposition has been claimed to be reversible, and a water pressure of, for example, 0.3 atm. at 250°C should be sufficient to suppress dehydration for some time [4, 26] . It was reported that the conductivity of CsH 2 PO 4 started to decrease when heated above 238°C, and it was claimed to be due to the decomposition reaction (1) CsH 2 PO 4 → Cs 2 H 2 P 2 O 7 → CsPO 3 and that water saturation or high pressures were needed to avoid it [23, 46, 47, 55, 61] . Taninouchi et al. [46, 55] have directly related the onset Kelvin temperature of dehydration (T dehy ) to the water partial pressure (pH 2 O in atm.) by means of extrapolated equations (Eq. (2)):
where A = (6.11 ± 0.82) or (7.62 ± 1.18) and B = (3.63 ± 0.42) or (4.42 ± 0.56) are parameters. Whether the Bsuperionic conduction state^in CDP really exists is still questioned by some researchers: could the high conductivity above~230°C be a consequence of partial dehydration at the crystal surface? [51, 52, 62] . It has been claimed that CDP does not undergo the superprotonic phase transition; instead, a dynamically disordered hydrogen bond network might improve the protonic conduction, or a loss of water from the structure might raise the conductivity. However, we notice that many previous experiments were not performed at humidified conditions and many studies have shown the highly conducting CDP phase to be poorly stable under the reduced presence of water [4, 46, 47, 53, 55] . Thus in a typical study, Bronowska [53] concluded from high temperature X-ray experiments in normal air that CDP crystal powders underwent a Breversible^transition at~231°C to form Cs 2 H 2 P 2 O 7 but also transformed to the superionic phase which, however, was unstable due to dehydration, soon leading to the formation of CsPO 3 ; but in a H 2 O-saturated atmosphere, much less decomposition was seen for the same CDP powders. In other words, the superionic phase of CDP seems to require a sufficient water vapor pressure over the salt, in which case, the transition to the superionic phase takes place reproducibly.
Many ingenious chemical studies (such as substitution of H with D, Cs with Rb and P with As) have been performed to study and confirm the extreme conductive behavior in CDP and related substances, see, e.g., [69, [75] [76] [77] [78] [79] , but they will not be discussed here.
In the present work, we investigate the relation between the vapor pressure of cesium dihydrogen phosphate and the electrical conductivity at elevated temperatures, up to and above the melting point. We report on the found conductivity properties of the superconducting phase and the liquid electrolyte, in a closed setup in order to make sure that the solid and molten CsH 2 PO 4 salt was intact during the measurements.
To our knowledge, no one of the many earlier studies performed on the CDP salt has focused on the protonic conduction properties in the solid state at temperatures above approximately 300°C, the reason probably being connected with the extensive problems of dehydration of the electrolyte with an insufficient water pressure over the CDP. We also studied the reversibility of the shift between the monoclinic and the Bsuperionic conduction phase^at around ∼ 230°C. The main objective of this work was thus to see if the conductivity of the salt would be preserved after long-term tempering while keeping the salt under its own vapor pressure in rather full ampoules. The magnitude of the vapor pressure was not known, so we set out starting to use our newly established method of determining water vapor pressures over corrosive chemicals versus temperature by use of Raman spectroscopy [80] . We have previously used this method to study the water vapor pressure over molten potassium dihydrogen phosphate (KH 2 PO 4 ) and determined the specific electrical conductivity, as well as demonstrated water electrolysis in the same system at ∼ 300°C [5, 6] .
In the present study, the temperature dependence of the vapor pressure above CsH 2 PO 4 was found to be much higher than presumed in the literature. We measured the level of specific electrical conductivity of CDP under its own vapor Fig. 2 The crystal structure of CsH 2 PO 4 in the Bsuperprotonic^phase I is well established with a = 4.961(3) Å at 237°C [22, 53] and with a = 4.9549(4) Å at 242°C [68] . The Cs + ions at cell corners are shown in violet. The yellow P ion in the middle of the cell is not visible. The four oxygen ions are disordered, and red balls show their positions that are occupied with a 0.16667 probability. The hydrogen ions (not shown) are also disordered. The picture was created by use of single crystal data from [68] and the BCCDC Mercury program^from www.ccdc.cam.ac.uk (Color figure online) pressure, below and above the phase transition, between the monoclinic conductive phase (II) and the highly conductive cubic one (I), and of the liquid electrolyte melt under its own vapor pressure. We wanted to study what happens over longer periods of time and to see if it occurs reversibly at even higher temperatures where very high water pressures are necessary to avoid decomposition of the CDP salt. Rapoport et al. [19] claimed no decomposition to occur even at 550°C and 20 kbar in fast experiments and noted that it should be showing how well pressure can stabilize the compound. To our knowledge, the long time stability has not been studied before. We also wanted, with the help of DTG analysis, to redetermine the melting point temperature of CDP. The earlier given values vary between a widely reported value of~233 and up tõ 346°C, again as a result of the unnoticed dehydration decomposition at ambient water pressure and the associated formation of melting-point-depression Bimpurities^ [19, 36, 46, 47, 81] , as shown in the phase diagram in [55] .
Materials and methods

Preparation of the salt
Crystalline CDP, CAS no. 69089-35-6 is sensitive to conditions of preparation, as well as presence of micro-impurities and water. We prepared our samples, as described in most references, from H 3 PO 4 ( 4 was dissolved in Milli-Q® water and recrystallized in a Petri dish at room temperature (∼ 22°C) by slow evaporation in a ventilated hood for several days. After that, the salt was kept at 90°C for 1 day to ensure complete dryness. The recrystallization ensured that residues of methanol, excessive acid, or cesium solution which might have stayed between the crystallites were completely removed.
Verification of the composition
In order to verify the composition, several portions with closely the same weight of recrystallized CsH 2 PO 4 were weighed in platinum crucibles. These crucibles had previously been heated to red glowing in a flame and cooled in a desiccator filled with a silica drying agent (CAS no. 
Measurements of the melting point
The melting point of our pure CDP was determined from DSC analysis performed on hermetically sealed high-pressure sample crucibles of chrome nickel steel (AISI 316L) with similar lids both with gold-plated surfaces (product number 6.239.2-92.31.00) and reference containers. The crucible type was of bottom nominal width 6 mm, with a volume of 27 μL, with maximum internal pressure of 100 bar, and a maximum temperature of 500°C. After filling with about 22 mg of salt, each crucible was closed with a sealing disk using a sealing press (product number 6.239.2-92.4), provided by the NETZSCH Group. A NETZSCH STA 409 PC (TG/DSC) instrument was used from room temperature to~500°C. A dry argon or air atmosphere was used, i.e., without humidification, but the crucibles were quite full (> 30%). A constant heating rate of 1-2°C min −1 was used.
X-ray powder measurements
X-ray diffraction on the recrystallized CDP powder was performed with the help of a Huber D670 diffractometer using the Cu-K α radiation line (λ = 1.54056 Å) in the range of 3 to 100°in steps of 0.02°in 2θ.
Raman vapor pressure measurements
Our method to determine the vapor pressure of a substance contained in a sealed ampoule has recently been described in detail [6] . Note that precautions should be taken due to the risk of explosion whenever working with ampoules. The water vapor partial pressure at a given temperature is obtained by use of Raman spectrometry, whereby the presence and identity of water molecules in the gas (the vapor constitution) is measured quantitatively. In spite of the weak scattering strength, Raman spectroscopy is a favorable method to determine the content of gases trapped in voids, because the signals are species specific and the intensities normally are linearly dependent on concentration (in the absence of resonance [83] ).
Sampling Nitrogen and methane (> 99.9% pure gases) were obtained from AGA/Linde (Copenhagen S, Denmark). The Raman spectra showed no sign of trace impurities, confirming the gases to be clean and dry. The substance (here CsH 2 PO 4 ) was placed in a homemade Pyrex™ or fused quartz ampoule (~2 mm wall thickness,~16 mm internal diameter). Enough CDP was added to make the ampoule (cell) more than halffull, so that minute changes in concentration by loss of water to the gas phase during later heating could be minimized. The ampoule was connected to a vacuum line via a rubber tubing and a stem. The used ampoules were wide to avoid signals from the walls and round to better resist high internal pressures. After evacuation (< 0.1 Torr), the ampoule was filled with reference gas (typically nitrogen or methane). The reference gas needs to be inert and to have a strong Raman signal. The gas was typically added up to a predetermined pressure (0.5 bar) that was read off on a calibrated Bourdon manometer at~22°C. Then, the ampoule was sealed with a butaneoxygen torch flame. By comparing the quantitative Raman signals from the vapor and the reference gas, partial pressures can be determined, because the species-specific signals (intensity of reference and water) are linearly dependent on concentrations; by variation of the temperature, the pressure as a function of temperature was obtained.
Methodology The method requires knowledge (or determination) of the precise Raman scattering ratios between the sought gas substance (water) and the reference gas, respectively. The approximate concentration in moles per liter (n/V) of the reference gas can be calculated with a reasonable accuracy using the ideal gas law, n/V = p/RT. Here, n is the number of moles, V is the estimated ampoule volume (~6 mL), p is the partial pressure, R is the gas constant (0.083145 bar × L × mol
), and T is the absolute Kelvin room temperature. After sealing, the reference gas concentration stays constant whereas the pressure of course increases with T.
The water molecule is an asymmetric top with C 2v symmetry. It has a well-known Stokes Raman spectrum consisting of three active fundamental transitions: ν 1 (symmetrical O-H bond stretching), ν 2 (symmetrical H-O-H angle bending), and ν 3 (asymmetrical O-H bond stretching) [84] [85] [86] [87] [88] [89] . Infrared absorption (ν 3 ) of water is very intense but has the problem of strong absorption for common window materials, so IR cannot be used. The ν 1 band of water is relatively strong in Raman; the other ones are very weak. In the present case, it means that the scattering ratios between the water ν 1 band (symmetric OH stretching at 3655 cm
) and the internal calibration gas reference (the ν 1 vibrational Q branch of N 2 or CH 4 ) can be used to sample the water pressure. The Q branch corresponds to a vibrational transition with no change in the rotational state; i.e., the J quantum number remains constant. These ratios have been previously found as 3. , respectively. The determinations were done on cells containing only water and nitrogen or methane in known amounts by measurements in our setup as explained in [6, 80] . The choice of nitrogen as internal inert reference calibration gas-unlike previously-has the risk of introducing errors due to nitrogen signals from the surrounding laboratory air, but the N 2 signal problem was avoided by placing a laser line narrow band pass filter in front of the laser line just prior to the sample. N 2 has the extra advantage that strong quartz ampoules can be used without risk of decomposition of the reference gas in the extreme heat needed for sealing silica. A more extensive description of the intensity calibration is given in [6, 80] and works cited there.
Measurements Raman spectra were measured by use of a DILOR-XY 800 mm focal-length Czerny-Turner type spectrometer with 90°macro entrance and a 10 × 10 cm 2 1800 lines mm −1 plane holographic grating [90] . Excitation was done with laser light from a doubled Nd-YPO 4 Laser (wavelength 532 nm CW vertically polarized at a power setting of up to~1.5 W). The cells were placed vertically to let the light pass horizontally. Light was collected with a wide achromatic lens (10 cm focal length). Rayleigh scattering was removed with a holographic notch filter. A quarter wave plate was mounted before the entrance slit to depolarize the light, making the grating efficiency independent of the polarization of the light. Slit widths and lengths were set to 600 μm and 10 mm to obtain better signals at the expense of resolution [91] . The spectra were acquired with a multi-channel CCD detector (HORIBA/Jobin Yvon's Synapse™, 1024 × 256 pixels) with thermoelectric cooling (− 69°C). The CCD signals were not calibrated for variation of the quantum efficiency versus wavelength. The gas spectral line intensities were measured two to four times with automatic removal of cosmic spikes. Integration times were between 20 and 1200 s, depending on the signal strength, and the excitation beam intensity was kept at 1.5 W. The measurements were repeated and averaged in order to ensure reproducibility and obtain reliability. Measurements were done in a temperature range from~25 to~400°C; heating was achieved with a homemade insulated aluminum-bronze-core vertical-tube electrical furnace with four silica double layer windows [6] , protected with a net of steel because of the risk of ampoule explosion. The gas or liquid/solid phase spectra were obtained by moving the ampoule holder up or down. Temperatures were determined with several 4-wire-Pt-100-Ω resistors to a precision better than0 .5°C (the temperature inside the furnace was only precise to ~2°C due to gradients). The spectrometer per centimeter scale was calibrated with cyclohexane [92] . Other Raman experimental details (furnace, etc.) have been described elsewhere [93] .
Details of conductivity cells
Four conductivity H-shaped cells similar to the ones used recently [5] were fabricated to determine the conductivity (σ) of the CDP substances. The cells were made from fused quartz glass by glass blowing. At first, the bulb of a standard halogen lamp (PHILIPS type 7787XHP 36 V/400 W) was cut near the base and the tungsten spiral was cut over-thereby creating two electrodes for the first chamber. A similar operation was done for the second chamber. Details of the cell type and a picture can be found in a previous publication [5] . The tungsten electrodes were cleaned, etching off the WO 3 (formed during the glass blowing) by means of 20 wt% aqueous HF overnight. Traces of WO 3 were removed by filling the cell with an equimolar amount of K 2 S 2 O 7 and K 2 SO 4 , sealing under vacuum and heating to 440°C in a rocking furnace (details are given previously [5, 90] ) followed by rinsing the electrodes with water in an ultrasonic bath. Same cell was in some cases used for repeated experiments, after washing out all solidified salt with water under ultrasonic agitation, rinsing with ultrapure water (resistivity = 18 MΩ cm), drying it in a heating cabinet at 80°C and then adding new stems and new chemicals. The cell constant K for each cell was determined by measuring the resistance R KCl for an aqueous KCl solution at a precisely known temperature near room temperature, according to the principles given by Jones and Bradshaw [94] . A standard solution was prepared following the ASTM Designation D1125-95 [95] : 3.734 g of high purity KCl, prepared by us as earlier described [96] was dissolved in 502.11 mL at 22.0°C of Milli-Q® water to form a 0.1 D solution of KCl. The demal (D) unit is used for concentration in electrolytic conductivity primary standards and is equal to the molar concentration at 0°C; i.e., 0.1 D represents 0.1 mol of KCl in one cubic decimeter of the solution at 0°C. The obtained R KCl value should be dependent of the electrolyte concentration, the temperature and the dimensions of the narrow capillary tube between the chambers of the cell and independent of the electrode areas and total amount of KCl solution used.
Conductivity measurement technique
The resistance of each salt or melt was obtained from an Hshaped cell, as described in our previous paper [5] . At first, the materials that made up the sample were weighed and transferred quantitatively into the cell, which was sealed under vacuum (< 0.1 Torr). Then, the cell was heated and equilibrated in a rocking furnace, similar to one previously used [5] . Equilibration was performed at first at~350°C (above the melting point) for several days. Temperatures for each data point were determined with 4-wire-Pt-100-Ω resistors to a precision better than~0.5°C.
The impedance was measured with an automatic AC Wheatstone bridge potentiostat system (Princeton Applied Research VersaSTAT 4 with VersaStudio software) at an accuracy ≈ 0.1%. The electrodes of the cell were connected to the potentiostat via shielded electric wires using the twoelectrode input setup for the measurements (the pairs of chamber terminals were shorted in all the experiments as given: working electrode-sense electrode and counter electrodereference electrode). The obtained impedance data were plotted as imaginary resistance versus real resistance curves for different frequencies of the applied alternating current supplied from the VersaSTAT 4 potentiostat. The resistance R sample was read off as the real abscissa from the lowest point on each impedance curve. This point is used to determine the R sample at the given temperature. Bubbles that might be present in the capillary and give a higher resistance were removed by rocking the furnace [5] . The conductivity of the sample (in units of S cm −1 at the particular temperature) is calculated from the obtained resistance via the relation σ sample = K/ R sample . The cell constant K = R KCl × σ KCl has previously been determined for each cell (filled with solution of 0.1 D KCl solution after the ASTM D1125 standard [95] ). K is rather independent of temperature, because the fused quartz material hardly expands by heating, leaving the dimensions of the cell capillary rather unchanged (error less than~0.01%). The reproducibility for measurements performed at the same temperature was within 0.5-1%, after minimizing the tendency of bubble formation. In some experiments, the cell constant was redetermined after finishing the measurements. Other experimental details have been described elsewhere [97, 98] .
Water electrolysis cell
A home-constructed electrolysis cell was used similar to the previous one [6] . The cell was made by glass blowing from fused quartz glass tubing (~14 mm OD) and a standard silica halogen lamp with vacuum-tight molybdenum-tungsten feedthroughs. Platinum electrodes were silver-welded to the internal feedthrough tungsten spirals before more quartz tubes were added for later easy sealing. The cell was filled with CDP, attached to a vacuum line, evacuated, the N 2 reference gas added, sealed, and mounted to the holder with electric cables (silver contact wires isolated by alumina beads) and heated in the Raman furnace (see figures in [6] for details). After connection to a Princeton Applied Research VersaSTAT 3 potentiostat, the setup allowed electrolysis as well as successive recordings of Raman spectra of the melt and the gas phases at high temperatures (and pressures) by use of the furnace elevation system. Electrolysis went on for many minutes with currents of about 5 to 100 mA. The furnace windows were covered with a protective steel net because of the risk of ampoule explosion [6] .
Results and discussion
Differential scanning calorimetry analysis data
The behavior of CsH 2 PO 4 upon heating under its own vapor pressure was studied by DSC in our hermetically sealed cells. A typical diagram is depicted in Fig. 3 . As expected, two peaks were seen: a smaller peak at around 230°C, indicating the solid state II → I phase transition in the CDP salt, as previously reported in, e.g., [8, 21, 35, 38, 47, 49, 50, 56] , and a larger peak at around 345°C, being the melting point signal.
As [51] in open or closed crucibles. The dependence on heating rate, amount of humidity, and enclosure is explained by the fact that equilibrium had not been achieved, and water was escaping from the salt at different speeds during the experiments. This is why we decided to perform the following vapor pressure and conductivity measurements with salts at pressurized conditions, placed in closed ampoules that were able to maintain the considerable water vapor pressures over the salts.
X-ray powder diffraction data X-ray powder diffraction data were obtained for our synthesized CsH 2 PO 4 as shown in Fig. 4 . The results are given together with data on CDP from the ICSD crystallographic database, FIZ Karlsruhe in Germany, compound no. 200895. From this comparison, it can be seen that there is a very good agreement between our data and the data by Matsunaga et al. [66] , characterizing the identity of our material. The differences in intensity were probably caused by preferred orientation in the powder.
Raman spectroscopic measurements
Vapor pressure determination The Raman spectra of the water vapor above CDP were recorded versus temperature for a number of more than half-full sealed tube cells. The gas phase spectra have been recorded several times after equilibration for several hours at temperatures from~25 to~350°C for each cell. Methane or nitrogen has been added as internal calibration standards. Typical spectra are shown in Fig. 5 . The areas of the peaks were determined as indicated. In spite of the rather weak scattering strength, the Raman technique can determine the gas content in the cells, because the signal is species specific and the intensity depends on the concentration at a rate determined by the known scattering cross section ratios for the molecules, here H 2 O to CH 4 or H 2 O to N 2 .
The spectra contain the well-known Q branch rotationvibration (rot-vib) bands of the added nitrogen or methane (the ν str bands of N 2 at~2331 cm −1 [100] or the ν 1 (A 1 ) sym str band of CH 4 at~2917 cm −1 [101] ) in addition to the Q branch rot-vib of the water molecules originating from ). The water band at~3655 cm −1 , see Fig. 5 , looks like the H 2 O spectra in the literature, see, e.g., [84] [85] [86] [87] [88] [89] . The relatively high pressures and temperatures broaden the bands by populating higher rot-vib levels so that most spectral details remain unresolved, as discussed in detail in [6, 80] .
The areas of the bands for several acquisitions (two or more sets of spectra) were integrated with use of the LabSpec software. For the nitrogen or methane band envelopes, the areas were taken to range from~2310 to~2345 cm −1 (S N2 ) or from 2895 to~2935 cm −1 (S CH4 ), respectively, and for the water band the area was set to range from~3610 to~3676 cm at the ambient Kelvin temperature T o , the water pressure p H2O at the actual experiment temperature T is given approximately by the ideal gas law as (Eq. (3)):
S denotes the integrated Raman band signal area above the background for the molecules in play, here nitrogen and water. Similarly in the case of methane as the reference, the water pressure p H2O is given by Eq. (4):
The scattering cross section ratios, σ H2O /σ N2 or σ H2O /σ CH4 between water and nitrogen or water and methane gas molecule Q branch areas, as defined previously, respectively, take values at around~3.50 or~0.40, respectively, as determined previously [80] , rather independently of temperature [84] , although some deviations from these values were seen in older literature.
A summary of the water vapor pressure results for five CsH 2 PO 4 sealed Raman cells, quantified by CH 4 or N 2 intensity calibrations, is given numerically in Table 1 and shown graphically in Fig. 6 .
It is clear in Fig. 6 that very similar results are obtained independent of whether nitrogen or methane are used as references for the pressure measurement. This indicates that the Raman spectroscopy pressure measurement technique is likely to be correct. A similar conclusion was reached when we studied the vapor pressure over concentrated phosphoric acid [80] .
It is seen that the vapor pressure of CDP is much lower than for water at a given temperature; see the known vapor pressure curve of steam from the NIST Standard Reference Database [102] that is also included in Fig. 6 . The low CDP vapor pressure is to be understood as a high affinity for water to stay in the melt; it is being bound by strong hydrogen bonds.
On the other hand the CDP vapor pressure in general is much higher than what has been claimed in the literature, based on different indirect methods, see, e.g., [4, 12, 21, 27, 46, 55, 103] . The formula reproduced as Eq. (2) has been claimed to be valid up to perhaps 315°C (according to Taninouchi et al. [46, 55] ). When this formula was plotted with the A and B constants [46, 55] , we obtained the two curves also included in Fig. 6 . It is clear that our measurements correspond to higher pressures. It indicates-to our beliefthat it takes time for CDP to reach the equilibrium, presumably several hours in some cases. This might explain why literature values were found too low.
Also included in Fig. 6 are the results from an experiment we made with a pressure cell with CsH 2 PO 4 /CsPO 3 equal to 50 mol%/50 mol%. The actual composition of the liquid phase in the 50 mol%/50 mol% experiment is Bnot known precisely,^because the visual inspection showed that it is saturated with a solid (probably CsPO 3 ). The solubility of CsPO 3 is expected to be low and to vary with the temperature. It is interesting that the 50 mol%/50 mol% curve is following about the same path as the curves of Taninouchi et al. [46, 55] : this might indicate that their samples have lost substantial amounts of water, or their extrapolation procedure has been based on assumptions that are not entirely valid, e.g., such as lack of equilibrium.
The narrow dotted and dashed curves for CDP and the CsPO 3 saturated mixture were calculated from the experimental points in Table 1 by using a linear fitting procedure on log 10 p (in bar) plotted against 1000/T, in the range 250-353°C for the pure CDP data and in the range 310-410°C for the 1/1 M Fig. 5 Typical spectra illustrating the principle of Raman spectroscopic quantitative determination of water (to the right) in sealed ampoules with nitrogen (to the left) or methane (in the middle) as reference gases. The spectra were recorded with a 532-nm green laser under carefully experimental settings of the spectrometer to let accurate band areas, S water and S reference be determined. The used integration ranges were from ∼ 2310 to ∼ 2345 (N 2 ), from ∼ 2895 to ∼ 2935 (CH 4 ), and from ∼ 3610 to ∼ 3676 cm −1 (H 2 O). This allowed values for the ratio between the area (S H2O ) of the water band relative to the reference area (S N2 or S CH4 ) to be calculated. From this, the water pressure was calculated as explained in the text mixture of CsH 2 PO 4 /CsPO 3 melt. The parameters for the fitted curves are presented in Fig. 7 .
Raman on CDP versus temperature We studied Raman spectra of the CDP substance versus temperature in the cells used for the vapor pressure measurements and got results as summarized in Fig. 8 . Similar spectra at low temperatures and up tõ 250°C have already been obtained and much discussed in the literature [4, 25, 37, 70, [104] [105] [106] [107] [108] [109] [110] . Our Raman spectra looked much like the previous published spectra of confined CDP (large crystals, pellets, or samples in sealed glass cells) at various temperatures. Typical CDP spectra can be seen in, e.g., Figure 5a of reference [4] , showing the spectral shifts and line width broadening of the internal modes versus temperature up to ∼ 260°C. As a new result, it was possible for us to record the spectrum of the melt and to observe a new line at 700 cm −1 originating from the formation of pyrophosphate ions (with P-O-P bridges), starting at temperatures higher than about 310°C. Such a spectral line, at~710 cm −1 , has analogously been found when KH 2 PO 4 was heated at high temperatures (~325°C) in closed cells [6] . Also, a similar line was found and well documented for polycrystalline Na 2 H 2 P 2 O 7 at room temperature [70] but it was not present in NaH 2 PO 4 [111] . The superionic plastic phase of CDP contains characteristic broad bands because of the phase disorder with rapid reorientation of the H 2 PO 4 − and O-H − anions, involving breaking of some hydrogen bonds (P-O …… H-O-P) and creating other ones and thus causing the Raman bands to be broad [53, 70] . The high temperature line broadening of CDP was first reported by Romain and Novak [70] . By virtue of the intensive broad band envelope from~2300 to~3600 cm −1 , the spectra also indicate a considerable amount of water bound in the melt, even at high temperatures. The salt apparently has a Bthirst^for water. The broad envelope band at ∼ 2000 to ∼ 3600 cm −1 is due to the dynamically disordered hydrogen bond network like in the CDP cubic phase. This structure is thought to be responsible for the high proton conductivity and for the high affinity between the salt and the water. When quenching the melt, large crystals resulted, but the quartz or Pyrex glass also tended to develop cracks and to explode. The solid crystals had spectra similar to original CDP, and no water soon remained in the gas phase. The easy and fast crystallization means that the water already is much available inside the CDP liquid at high temperature and moving quickly around (superconductivity), because otherwise, there would not be time for the observed formation of coarsely grained crystals.
Conductivity measurements
We determined the conductivity of CsH 2 PO 4 at higher temperatures than previously reported. An experimental series was made with four conductivity cells: one filled with pure CDP and also cells containing CDP with more and less water (a mixture of CDP and frozen H 2 O and two mixtures of CsH 2 PO 4 and CsPO 3 ). The compositions are given in Table 2 . After adding the chemicals to the cells and sealing under vacuum, the compositions are known at room temperature. But after heating to higher temperatures, various amounts of water are taken up by the solid or lost to the gas phase. The composition of the condensed phases must depend on the amount of water in the gas phase and thus on the temperature. It means that compositions in principle should be corrected at each temperature. Approximate corrected compositions were estimated by use of the ideal gas law.
As an example for cell 1 (pure CDP at, e.g., 300°C, 573 K), the pressure p of water over the salt was approximately 11.2 bar, estimated by use of the results in Fig. 6 . The volume V was about 12.4 mL, and we can thus estimate ). The melts showed broad features from~2300 to3 600 cm −1 that are characteristic of the P-O-H stretching. Spectral bands below~1500 cm −1 are due to the phosphate ions. Polyphosphate ions giving rise to bands at around 700 cm −1 (P-O-P bridge stretching) are seen in the molten transparent mixtures when the temperature was high enough (∼ 325°C). The pressure was dangerously high inside the cells, and explosions occurred [46, 55] , are also given. Their latest determined wide dotted curve [55] is presumably better determined than their first dash dotted one [46] Fig. 7 Logarithmic fitting for data on the vapor pressure over pure CDP and for CsH 2 PO 4 /CsPO 3 1/1 M mixture (presumably saturated with CsPO 3 at the temperature). Also shown are circular points from Taninouchi et al. [55] how much water (n mol) should be lost to the gas phase: n = pV/RT = (11.3 × 0.0124)/(0.083 × 573) mol. This amount of water must be subtracted from the CDP amount and added to the CsPO 3 amount to calculate the corrected composition.
The formal composition is conveniently given as the molar composition ratio (CsPO 3 /H 2 O) of added amounts. Thus, a molar ratio of one would correspond to pure CsH 2 PO 4 . A ratio of two would be CsH 2 PO 4 + CsPO 3 (a molar ratio of one CsH 2 PO 4 to one CsPO 3 ) and so on. For other compositions, the ratio was lower or higher than one depending on addition of water or CsPO 3 to the cell, respectively, according to Eq.
(1).
The steam partial pressures in the cells 1 and 4 were determined in Fig. 6 directly, but for cells 2 and 3, the gas pressures needed to be determined by extrapolation/interpolation, see Table 2 and Fig. 9 .
Conductivity results cell 1
The results for our conductivity cell 1 experiment with pure CDP are shown as open circle points in Figs. 10 and 11. These logarithmic plots show the conductivity (left ordinate scale log 10 σ) versus the reciprocal of the absolute temperature T times1000 (abscissa 1000/T). The data are detailed in Fig. 10 and compared with most results of the literature in Fig. 11 . The literature data points were obtained by reading values off from highly magnified prints. Some of the prints show different logarithms of σ or σT, and for these data, we have calculated the corresponding log 10 σ values for our comparative purpose.
In Figs. 10 and 11 , our results are shown for the conductivity of CsH 2 PO 4 under its own water pressure which varied from approximately 2 to 49 bar depending on the temperature. Simultaneously, the actual CsPO 3 /H 2 O mole ratios for the composition of the condensed phase were estimated to vary from 1.00 to about 1.02. The free space over the condensed phase (solid or liquid) took up about half of the cell space. When compared to the conductivity results of the literature, see, e.g., [12, 40, 43, 44, 47, 52, 69, 78, 112, 113, 115, 116] , it can be seen that our results are grossly on the same order of magnitude.
Limiting the discussion to the Bsuperprotonic^part of the conductivity range (Fig. 10) , we see that measurements abovẽ 300°C are not available in prior literature and that the high conductivities that have been reported are leveling off. We think that the explanation is that CsH 2 PO 4 -if not confined-decomposes into mixtures of ortho-, pyro-, and metaphosphates that become less conducting, the higher the temperature and the lower the water vapor pressure. To maintain a high conductivity apparently requires very high water vapor pressures. These results are of interest, because it is the first time that the conductivity of molten CsH 2 PO 4 has been obtained. To measure the conductivity of the liquid requires a water pressure up to 49 bar which explains why it has not been done before.
The conductivity points in Fig. 10 , both for the superprotonic part up to the melting point around 345°C and above under pressure follow approximately linear Arrhenius type curves, meaning that the σ data can be reproduced by Eq. (5). The fitting constants are given in Table 3 .
This linear dependency follows the usual elementary equation for ionic conductors [117, 118] . Discussion of such and other expressions are given elsewhere [97] . The constant A corresponds to the intercept of the line at 1000/T = 0 K −1 (at infinite temperature). The slope B is related to the activation energy [8, 12] . Clearly, the conductivity increases with temperature in the range studied here, and it is higher in the molten state. a See interpolation data in Fig. 9 b Volumes were estimated from photographs of cells after quenching to room temperature in upright position c Condensed means solid or liquid Table 2 Our conductivity data from Figs. 10 and 11 are shown in Fig. 12 , and two lines are fitted to the points for the two different states: the range below 345°C represents the regime with superprotonic conductivity, and at above 345°C, the salt is molten. As indicated by the dashed arrows, the measurements were performed progressively in steps of 2°C, with at least 40 min between each measurement. For each measurement series, it was experimentally checked that longer time intervals of equilibration gave identical values. The measurements proved to be very reproducible, and the results did not change significantly after cooling and reheating of the cell (down to and above~220°C). Table 2 . The other data are most other previously published conductivity data for samples claimed to be CDP, see Ponomareva et al. [32, 36, 40, 112, 113] , Qing et al. [43] , Jensen et al. [41] , Ikeda et al. [69] , Lavrova et al. [78] , Martsinkevich et al. [114] , Taninouchi et al. [47] , Hatori et al. [115] , Muroyama et al. [34] , Haile et al. [12] , Baranov et al. [7] [8] [9] 116 ], Otomo et al. [4, 26] , and Ortiz et al. [51, 52] . Coordinates from the literature were read from expanded plots as explained in the caption of Figs.1 and 10 (by use of the GIMP 2.9.6 software). Some of the published plots were showing ln σσ or log σT, and these data were converted to the values shown here. The Bsuperprotonic^area of this plot is the upper left corner where t > 228°C and σσ > 0.02 S cm (Table 2) , were made, sealed, and examined, in order to study the conductivity of the system as in a situation where more water has been lost, to simulate CDP measurements in open cells. In this way, data were obtained proving the decrease in conductivity of CsH 2 PO 4 -CsPO 3 condensed mixtures when water is lost. The data are presented in
Figs. 13 and 14. The studied compositions and temperature ranges are specified in the figure captions and Table 2 . The fitting results are reported in Table 3 . Theoretically, the mixture in Fig. 14 Fig. 12 Details of measurements of specific electrical conductivity of CsH 2 PO 4 (cell 1). We estimate that water has escaped from the condensed phase to form a CDP:CsPO 3 mixture of molar ratio CDP: CsPO 3 = 98.17:1.83 at, e.g., 300°C (see Table 2 ). Dashed lines with arrows indicate the progression of the measurements, starting with the filled triangles and then heating with the open ones. The length and position of the dashed lines indicate the segment, which was used for fitting. Solid lines show the fitting lines given in Table 3 for the molten (t > 345°C) and the solid (t < 345°C) regimes Table 2 ). Solid lines show the fitting lines given in Table 3 for the molten (t > ∼325°C) and the solid (t < ∼ 325°C) regimes. 
Conductivity results cell 2
We also made a cell 2 containing extra water, and the conductivity data for that cell 2 is shown in Fig. 15 . This figure shows conductivity measurements with water added to the CsH 2 PO 4 . The excessive amount of water was added as ice, weighed, and frozen with liquid nitrogen as described in [80] . Studied compositions and temperature ranges are specified in the figure captions. The water vapor pressure of this experiment depended markedly on the temperature, and there must have been a considerable risk of cell explosion at the elevated temperatures [6] .
As expected, the conductivity increases with temperature in our closed cells (slope B in positive in Table 3 ). It is, however, clear that in order to obtain the preferred high conductivity, the water vapor pressure has to be much higher than the 0.3-0.4 bar often mentioned in the previous literature [12] . If the water pressure is low, water tends to leave the CDP electrolyte to form CsPO 3 via Eq. (1). The result of adding CsPO 3 to CsH 2 PO 4 is shown Fig. 14 Table 2 ). Solid lines represent linear fittings (Table 3) . Dashed arrows indicate how progression of measurements went on. The reason for the dip in conductivity at the melting point is not known in Figs.13 and 14, and the conductivity clearly decreased, the more CsPO 3 was added.
Conductivity prediction in the CsH 2 PO 4 -CsPO 3 -H 2 O system
Obviously, one would desire to predict the conductivity as a function of temperature as well as compositions. We present here a way to perform such a prediction: Table 3 ). 2. Then, from the values of A and B construct a diagram of the conductivity as a function of composition and temperature, as shown in Fig. 16 .
In Fig. 16 , trends of changes in conductivity, depending on the composition of the melt, are shown projected to B0^in CsPO 3 /H 2 O content ratio. A non-linear polynomial curve fitting was applied to make projections to the B0,0^point. The equation used was a cubic type of function, Eq. (6),
where σ is the conductivity in S cm −1 , t is the temperature in°C , and X is the total molar content ratio of CsPO 3 /H 2 O. The resulting parameters for fitting this model to our measured data at different temperatures and compositions can be found in Table 4 . It must be emphasized that measurements of the conductivity in the region for molar ratios of CsPO 3 /H 2 O below the value 1 are limited due to the practical problem that quartz cells in the used technique cannot stand pressures much higher than what we used. This is why we only have the point at the origin.
It was also an objective to determine analytical expressions for the conductivity versus temperature. Such information is essential for the optimization of the high-temperature water electrolysis application of the electrolyte.
Proof of water electrolysis by Raman spectroscopy
It was considered important to demonstrate experimentally that water electrolysis indeed could be done. We made an electrolysis cell as described in the experimental section, filled it with CsH 2 PO 4 and N 2 , and heated it to a high temperature (~355°C) to let a melt be formed. It proved possible to successfully supply potential differences of about 1.6-2.2 V to the cell. This caused currents of about 0.1 mA to pass through the cell via its two coiled platinum wire electrodes (areas 2.5 cm 2 ). Electrolysis was performed eight times in periods of each 800 s duration. Resistances were about 20 Ω, and current densities were on the order of 40 mA cm −2 . When currents were passing through the CDP liquid, formation of small bubbles could be seen at the electrodes, with more gas coming from the negative electrode, and more the higher the a How well a model describes a set of observations is described as a goodness of fit. The reduced chi-squared value (χ 2 ) is often used as a goodness of fit parameter. The adjusted R-squared value (R 2 ) accounts for the goodness of fit when several parameters are in play current. Gas phase Raman spectra were recorded in between the electrolysis periods, see Fig. 17 . It was difficult to get good gas spectra because of the protective net and the short path length of the cell, but without any doubt, the spectra showed formation of new characteristic sharp bands. As expected [6] , the bands are assignable to H 2 hydrogen S rotational bands (up to 1500 cm Fig. 17 because of the known small Raman scattering cross section of O 2 relative to that of H 2 . Note that the situation is complicated by the hydrogen presence as both para-H 2 and ortho-H 2 , see, e.g., [125] .
The relative stability of the 2 H 2 + O 2 molecular mixture towards reformation of water, for 14 h without electrolysis at a temperature of 285°C, possibly is due to lack of gas contact with the platinum electrodes which were covered by the solidified melt. Simultaneous presence of water molecules in the gas and in the superconductive phase might reduce the speed of the direct recombination reaction 2 H 2 + O 2 → 2 H 2 O. And if this reaction occurs, the only thing happening will be formation of water vapor that adds not much new to the spectra. However, the observed simultaneous presence of H 2 and O 2 Fig. 17 From below: four typical Raman spectra of the gas phase of the electrolysis cell with CDP and 0.5 bar of N 2 reference gas, obtained during electrolysis of CsH 2 PO 4 at 355°C. The cell sitting in its holder after the experiment is shown in the inserted photo. The blue color is thought to come from W(V,VI) compounds formed from the pins during the electrolysis. The top spectrum shows the gas phase after stop of electrolysis and leaving the cell at 285°C overnight. The long blue spectrum shows the gas after cooling to ∼ 185°C. The pronounced bands are labeled with wave number values and are due to H2 rotational transitions and CO 2 , O 2 , N 2 , H 2 O, and H 2 vibrations. The gas spectra are weak because of the protective steel net around the experiment. A 532-nm laser running at ∼2 W was used during recording of the spectra (Color figure online) R o t -v i bQb r a n c hH 2 0 → 0 molecules in the gas phase and thus the water splitting remains a fact.
Conclusions
CsH 2 PO 4 (CDP) was prepared and investigated for use as a rather high-temperature liquid electrolyte for splitting water to hydrogen and oxygen. The melting point of our CDP was found to be at around 346°C, confirming several quite old careful measurements by, e.g., Rapoport et al. [19] . Also, many researchers have previously claimed CDP to be dependent on the surrounding partial pressure of water, and this tendency was confirmed in our experiments. We have determined the vapor pressure above CDP by means of a recently developed Raman method. The pressure is considerable at higher temperatures, reaching perhaps values as high as 23 bar at 355°C (Fig. 6 ). These pressures are considerably higher than claimed in previous reports. It was therefore realized that experiments must be conducted in closed cells or under otherwise confined circumstances.
The pressure of water above CsH 2 PO 4 at elevated temperatures is thus much higher than earlier thought. Along this rationale, we have determined the conductivity of CDP and attempted to obtain reliable corrected data for the conductivity of CDP at very high temperatures, up to about 400°C (Figs. 10 and 11 ). At these rather high temperatures, we have obtained record high conductivities of molten CDP approaching values of perhaps~0.3 S cm −1 , when saturated under its own vapor pressure or confined. These conductivity values cannot be measured in an open system, and sealed systems had to be used. In order to make accurate measures of, e.g., the electrical conductivity, the salt has to be kept under its own vapor pressure to avoid decomposition into mixtures of pyro-and orthophosphates. Furthermore, the conductivity of the salt-in its superprotonic and molten states-does not vary much if a moderate part of the orthophosphate is replaced with pyrophosphate. In the superprotonic and molten states under pressure, the ionic structure may not be affected very much, and the protons may be traveling around very fast. If the salt loses water, it will turn into a mixture of orthophosphate and pyrophosphate from which metaphosphates eventually will separate out, and at even higher water losses, the conductivity will be markedly reduced (Fig. 16) .
We have-like previously for the KH 2 PO 4 system [5, 6]-used Raman spectroscopy to demonstrate that electrolysis is possible whereby water molecules can be split to form only hydrogen and oxygen. We conclude that a new potentially high efficiency electrolyte has been found for intermediate temperature pressurized water electrolysis (at~350°C), with great perspectives for development of efficient water electrolysis. At such high temperatures, it should be possible to find cheap and effective electrodes. 
